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ABSTRACT

DROUGHT, TREE MORTALITY, AND REGENERATION IN NORTHERN
CALIFORNIA

Sophia Lemmo

The 2012-2016 California drought was the most severe in the state’s recorded
history, contributing to the death of millions of trees. While the effects of this drought on
forests are relatively well studied in the central and southern Sierra Nevada, less is known
about its effects on the heavily timbered and diverse forests of northern California.
Through sampling 54 0.25 ha plots in northern California, this study compared tree
mortality and regeneration patterns before, during, and after California’s most recent
record-setting drought. This study evaluated 1) the influence of habitat and competitive
covariates on mortality and regeneration trends using ridge regression analysis; and 2)
tree death and seedling/sapling establishment dates using dendrochronology and
Superposed Epoch Analysis to explore the influence of climate on forest demographics.
Montane drought-induced tree mortality occurred primarily in trees smaller than 40 cm
diameter at breast height (DBH), with no coastal drought-related mortality in trees with
DBH greater than 80 cm. The highest rates of overstory mortality across all sites were
observed in Abies grandis (51%), Pinus lambertiana (43%), and Pinus monticola (37%).
Picea breweriana (6%) and Picea sitchensis (9%) had the lowest average mortality rates.
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In montane environments, years with high rates of mortality were positively associated
with climatic water deficit (CWD; drier than expected conditions) in the 1-2 years
preceding and during tree death dates. Pre-drought montane mortality was greater at wet
sites than dry sites, and recent montane mortality (~2013-2020) was positively related
with canopy openness. In coastal environments, recent tree mortality was positively
associated with maximum temperature and topographic position. Regeneration was
dominated by advanced regeneration (median age of 32 years) of shade-tolerant species.
In montane environments, regeneration dates were significantly associated with lowerthan-average CWD the year proceeding. In coastal environments, regeneration was
greater at dry sites than wet sites, and was positively associated with stand density and
maximum temperature. These data demonstrate that these forests are not actively
perpetuating as diversely into the future, especially in montane environments where more
mortality is found in white pine species (Pinus lambertiana and P. monticola) and where
the regeneration is weighted towards advanced regeneration of shade-tolerant fir species.
This work indicates a need to implement targeted management aimed at generating
disturbances to foster balanced and responsive regeneration. This management should
preferentially retain medium to larger trees, as these size classes seem to be the least
vulnerable to mortality. Such management would be promising for supporting the
resilience and diversity of northern California landscapes.
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INTRODUCTION
The 2012-2016 drought in California ranks as the most severe in the state’s
recorded history (Griffin and Anchukaitis, 2014; Williams et al., 2015), with the current
drought (2021-present[2022]) ranking second so far. The frequency of droughts in
California has increased over the last century (Hughes and Brown, 1992), and the rate
and duration of droughts are expected to increase as a result of climate change
(Diffenbaugh et al., 2015; Meehl and Tebaldi, 2004). Drought reduces tree hydraulic
function, carbon fixation, and capacity to translocate photosynthate (Hartmann, 2015;
McDowell et al., 2008; Sevanto, 2014), consequently decreasing radial growth and
increasing susceptibility to forest insects and diseases (Allen et al., 2010; Stephenson et
al., 2019). This process of interacting agents leading to tree mortality has been dubbed
the “decline disease spiral” (Manion, 1981), where predisposing factors such as site
characteristics (e.g., dry-wet moisture regimes, stand density), and inciting (e.g., drought)
and contributing (e.g., pathogens and pests) factors all play a role in the death of a tree.
Warmer winter temperatures associated with drought allow forest pests to thrive
(Breshears et al., 2005; Logan et al., 2003). Thus, the recent 2012-2016 California
drought was an inciting factor that led to the contributing factors of forest insect and
pathogen outbreaks, resulting in extensive mortality. In extreme events, drought alone
can lead to mortality through hydraulic failure and/or carbon starvation (McDowell,
2011). Tree death turns total live “green” fuels into available fuels, which can increase
the risk for wildfires (Stephens et al., 2018). Intense drought can also lead to increased

canopy water stress (Asner et al., 2016), a predictor of vegetation flammability (Ustin et
al., 2004), and to drying in the deep-rooting-zone, further contributing to tree die-off
(Goulden and Bales, 2019). The compounding effects of drought, forest pests, and
wildfire have led to the death of over 150 million trees across the state as of 2019
(USDA, 2020).
The effects of the 2012-2016 drought have been comprehensively studied in the
more populated and arid regions of the southern and central Sierra Nevada (Asner et al.,
2016; Byer and Jin, 2017; Das et al., 2016; Dong et al., 2019; Stephens et al., 2018;
Stephenson et al., 2019; van Mantgem et al., 2016; Young et al., 2020, 2017). In some
regions and among some species, more than 50% of trees died (Fettig et al., 2019;
Stephenson et al., 2019). Comparatively few studies of forest responses to drought have
included regions of northern California (except see Asner et al., 2016; Bost et al., 2019;
DeSiervo et al., 2018; Dong et al., 2019; Vernon et al., 2018; Young et al., 2017). One
such study found that across California, the highest rates of tree death occurred in 2015
and 2016 (the fourth and fifth consecutive year of drought, respectively) (Byer and Jin,
2017), indicating a possible lagged mortality response to drought (Das et al., 2013).
While vegetation in northern California was less affected by the drought and experienced
less forest mortality than other regions in the state (Dong et al., 2019), northern
California forests still experienced detrimental drought impacts. For example, in the
Russian Wilderness of the Klamath Mountains, a recent study found 22% of the trees
died (DeSiervo et al., 2018). However, unlike the 2012-2016 drought, the current drought
(2021-present [2022]) is more extreme in portions of northern California than in the
2

Sierra Nevada (U.S. Drought Monitor, 2022). As such, in 2021, the Shasta-Trinity
National Forest had the highest number of acres with tree mortality across all National
Forests in the state (USDA, 2021).
Tree decline and mortality from drought differ among species, size classes, stand
densities, and habitats. Increased forest density is a consistent predictor of higher
mortality levels across California (Das et al., 2011; Fettig et al., 2019; van Mantgem et
al., 2016; Young et al., 2017). Climatic water deficit (CWD) can also be a predictor of
mortality, particularly as droughts progress, and with the presence of high live basal areas
(Young et al., 2017). In fact, high density (>30 m2 ha-1) stands with only moderately high
CWD still experienced substantial mortality during the recent drought (Young et al.,
2017). Therefore, management techniques such as thinning and prescribed fire that
reduce forest density have the potential to improve forest drought resistance and
resilience (Stephens et al., 2020; van Mantgem et al., 2016; Vernon et al., 2018).
However, these treatments have varying effects on species’ ability to resist insect attack,
with prescribed fire increasing beetle infestation in red fir (Abies magnifica A.Murray)
and sugar pine (Pinus lambertiana Douglas) in some instances (Steel et al., 2021).
Among habitats and species in the Sierra Nevada, mortality was highest at low to mid
elevations (Byer and Jin, 2017; Fettig et al., 2019), and was most prominent in Pinus
species (Fettig et al., 2019; Stephenson et al., 2019) and white fir (Abies concolor
(Gordon & Glend.) Lindl. ex Hildebr.) (Byer and Jin, 2017). This variability in mortality
is likely due in large part to species-specific susceptibility to common insects and
diseases (Byer and Jin, 2017; Das et al., 2016; Fettig et al., 2019). Northern California
3

species that recently experienced die-off events due to heightened susceptibility to insects
and pathogens include Shasta red fir (Abies magnifica var. shastensis Lemmon) and Port
Orford-cedar (Chamaecyparis lawsoniana A. Murray). In the Russian Wilderness, Shasta
red fir mortality was associated with Wien’s dwarf mistletoe (Arceuthobium abietinum
subsp. Wiensii Mathiasen & Daugherty), a parasite that was positively associated with fir
engraver beetle (Scolytus ventralis) infections (DeSiervo et al., 2018). Port Orford-cedar
die-off events were attributed to the non-native root rot pathogen Phytophthora lateralis
(Jules et al., 2014). Mortality rates also vary across tree sizes within a species (DeSiervo
et al., 2018; Jules et al., 2014; Stephenson et al., 2019), with higher rates of droughtrelated mortality generally occurring in medium to large co-dominant and dominant trees
(Das et al., 2016; Stephens et al., 2018; Young et al., 2020).
It remains unclear whether drought-associated mortality is amplified by habitat
(i.e., dry versus wet habitats). One hypothesis is that trees in wetter sites are adapted to
high water availability due to high leaf-area and poor water use efficiency (Clark et al.,
2016, 2014; Field et al., 1983), and thus are more vulnerable to water reduction.
Supporting this hypothesis, in some cases, trees living in relatively xeric regions of their
range fare better during drought than individuals in relatively wetter regions (Orwig and
Abrams, 1997). On the other hand, trees in xeric sites may already exist at their limit of
water availability (Stephenson, 1990), and in some cases have experienced greater
mortality than trees in relatively mesic sites (Young et al., 2017). Given this ambiguity,
there is a need to better understand intraspecific drought-induced tree mortality trends
across a range of moisture regimes (i.e., dry, moderate, and wet habitats).
4

After overstory mortality events, including those related to the 2012-2016
drought, forest recruitment, especially advanced seedlings (regeneration established prior
to overstory mortality), facilitates recovery (Collins et al., 2021; Kayes and Tinker, 2012;
Redmond and Barger, 2013). However, droughts can change where certain species are
able to regenerate, leading to shifts in species’ abundances and distributions (Allen et al.,
2010; Beckage et al., 2008; Stephenson, 1998). To forecast future forest composition
trends in northern California, both patterns in mortality and regeneration at stand scales
must be understood. On multiple continents, it is more common for new tree and shrub
species to dominate regeneration following drought-related overstory mortality, thereby
leading to the eventual replacement of the pre-drought dominant species (Batllori et al.,
2020). Following drought in the Sierra Nevada, shade-tolerant species are typically the
dominant regeneration, particularly in dense stands (Fettig et al., 2019; Young et al.,
2020), reflecting a shift in species distribution from historical conditions. The potential
shift in forest species composition after drought-related mortality, and the importance of
recruitment for stand perpetuation, suggests that an assessment of species-level
regeneration in northern California is critical. This information provides insight on future
forest demographics in a region where little is known about post-drought regeneration
compared to other areas of California.
Many factors can influence forest regeneration: seed trees; cone/flower
production; seed production, viability, and dispersal; seed banks; seed predation;
advanced regeneration; mycorrhizae; duff; soil; ground cover; shrub cover; and climate,
to name a few. For example, under overly warm and dry conditions, regeneration
5

establishment and survival can be precarious (Kitzberger et al., 2000; Rodman et al.,
2020; Sthultz et al., 2007). And certain tree species such as piñon pine (Pinus edulis
Engelm.) can be more dependent on advanced regeneration for perpetuation after
drought-associated overstory die-off than other species (Redmond and Barger, 2013). In
some circumstances, growing season precipitation is a strong predictor of tree
regeneration, while climatic water deficit (CWD) is negatively associated with successful
regeneration (Rodman et al. 2020). Additionally, in the Sierra Nevada, abiotic conditions
can be the primary limiting factor for successful forest regeneration (van Mantgem et al.,
2006). Thus, it can be challenging to generalize across regions to predict forest responses
following drought-related tree mortality. By dating regeneration, patterns between
climate and tree establishment in post-drought forest propagation, as well as the relative
importance of advanced regeneration, can be better understood.
The goal of this study was therefore to improve understanding about the
perpetuation of forest stands in northern California after extended drought by answering
the following two research questions:
1) How do tree mortality and regeneration in northern California vary with species, stand
density, and habitat before and after extended drought?
2) How do tree mortality and regeneration events in northern California change with
climatic water deficit?

6

2. MATERIALS AND METHODS

2.1 Study Area

The study area includes the forested region of northern California (Error!
Reference source not found.), a diverse area, capturing a range of environments that
span five biotic regions, three biogeographic regions, and three distinct climate gradients.
In this area, the Cascades, California Valley, Great Basin, Sierra Nevada, and Coast
Range all intersect. Specifically, the study area includes the Klamath Mountains, the area
between that range and the Pacific Ocean (the North Coast), and the southern portion of
the Cascades. This region therefore supports a mosaic of forest types including coastal
redwood forests, coastal coniferous forests, mixed evergreen forests, mixed conifer
forests, red fir forests, and subalpine forests (Griffin and Critchfield, 1972), with a
distinct difference in species composition between montane and coastal sites. Underlying
these forests in the Klamath Mountains and the North Coast is a complex mix of
metamorphic bedrock, with some serpentinite and silica-rich formations (DeCourten,
2009). Due the volcanic activity, the southern Cascades contain extrusive formations
(DeCourten, 2009). Rich, alluvial soils dominate the North Coast, while gravelly,
moderately- to well-drained loamy soils characterize the Klamath Mountains (USDA,
n.d.), and the southern Cascades contain moderately-to well-drained volcanic soils
(Skinner and Taylor, 2006). The study area also spans land in relationship with many
7

indigenous communities’ traditional and current homelands including the Pomo, Mattole,
Wiyot, Karuk, Hupa, Yurok, Tolowa Dee-ni’, Lassik, Wintu, Shasta, Modoc, and Maidu
tribes (“Northern California Indian Development Council,” 2021).

Figure 1. Map of the study area. Plus signs symbolize the locations of 54 study sites across northern
California, with grey plus signs indicating coastal sites (n = 18) and black plus signs
denoting montane sites (n = 36). Map made with ArcGIS Pro, using level III ecoregion data
from the U.S. Environmental Protection Agency (Level III Ecoregions of the Continental
United States, 2013).

Overall, the study area can be characterized by a Mediterranean climate with
relatively warm, dry summers and cool, wet winters (Robinson, 2021; Sherriff et al., in
press; Skinner et al., 2006). The mean annual 30-year precipitation (PPT30, 1990-2020)
8

for the study sites ranges from 780 to 1,933 mm, the mean annual 30-year minimum
temperature ranges from -3 to 8 C, and the 30-year mean annual maximum temperature
(Tmax,30) ranges from approximately 10 to 19 C, depending on site location
(TerraClimate, http://www.climatologylab.org/terraclimate.html). The study sites capture
three distinct climate gradients: north-south, east-west, and elevational. From north-tosouth there is a gradient of decreasing winter precipitation and warmer summer
temperatures, while trending west to east, the climate is affected by proximity to the
Pacific Ocean (Sherriff et al., in press; Skinner et al., 2006). The northern coastal
rainforests can receive over 2,500 mm of rain, whereas inland lower elevations of the
eastern Klamath receive far less precipitation, with the driest region being in the
transition zone from the Klamath Mountains into the southeastern Cascades, receiving
approximately 533 mm of precipitation annually (Sherriff et al., in press; Western
Regional Climate Center, n.d.). Along the coast the temperature is more stable compared
to montane regions (TerraClimate, http://www.climatologylab.org/terraclimate.html).
Although the coast is more consistently wet throughout the year than the inland
mountains, annual precipitation at the coast is relatively lower. However, in recent years
(2007-2016), the coastal sites received more annual precipitation than montane sites
(Robinson, 2021). Climate also varies from low to high elevations, with the snow level in
the study area around 1,500 m (Sherriff et al., in press).
The climatic and geographic diversity of the study area supports high biodiversity.
The studies’ center region, the Klamath Mountains, is unique for its highly diverse plant
taxa; especially notable is the presence of over 30 conifer species (Kauffmann, 2012;
9

Whittaker, 1961, 1960). The high number of endemic species and species diversity are
due in part to the highly variable climate present within the study area.
The current stand densities and species compositions of the study sites reflect the
effects of increased fire return intervals. Pre-Euro-American colonization, natural and
cultural fire regimes in northern California, and especially in the Klamath Mountains,
contributed to the region’s plant diversity and heterogeneous forest structure (Knight et
al., 2022; Skinner et al., 2006; Taylor and Skinner, 1998). The area was predominantly
characterized low to moderate severity fires (Taylor and Skinner, 1998). However, since
the 1900s, Euro-Americans participated in fire suppression and other land use activities,
altering densities and species compositions, which are now reflected across the study area
(Knight et al., 2022; Miller et al., 2017). In turn, this management has increased shade
tolerant species, and, in some regions, decreased species diversity.

2.2 Field Sampling

To quantify forest mortality and regeneration in northern California, 54 sampling
locations (Figure 1) were selected based on an ongoing complementary study (Robinson,
2021; Roletti, in press) examining the influences of competition and habitat on drought
responses (annual growth and 13C in tree-rings) of six northern California conifer species
(Appendix A). The complimentary study used observational data from Calflora
(http://calflora.org), along with local expert suggestion (Michael Kauffmann, pers.
comm) to locate potential sites (see Robinson 2021 and Roletti 2022). Although study
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sites were selected based on six focal conifer species (Brewer spruce (Picea breweriana
S. Watson), Shasta fir, Sitka spruce (Picea sitchensis (Bong) Carr), sugar pine, western
hemlock (Tsuga heterophylla (Raf) Sarg), and western white pine (Pinus monticola
Douglas ex D. Don)), this current investigation measured forest demographic trends for
all tree species encountered within plots. The sites ranged from dry to wet (based on
PPT30, PRISM), with three replicate sites per moisture regime (dry, moderate, and wet)
for each of the complementary study’s focal conifer species (54 sites total), thus
capturing a broad range of climatic conditions. Although 54 sampling sites cannot
encompass the full range of diversity throughout the region, the sites adequately capture
the diversity of forest stands and environmental conditions across the habitat ranges of
the six focal conifer species within their northern California range. Sites were chosen to
ensure that each location experienced the 2013-2015 drought, confirmed by a low (i.e., <
-2) 2014 Palmer Drought Severity Index (PDSI) value. Care was also taken to verify that
sites had not experienced fire or logging activities in the last 50+ years. Lastly, serpentine
soils were avoided when possible.
Field sampling occurred in the summers of 2020 and 2021. Each of the 54 sites
were established by a random azimuth offsetting 20 m from the pre-existing site
coordinates of the complementary study. At each site, a 0.25 ha plot, with a nested 0.1 ha
subplot, was established to measure tree mortality and regeneration, respectively. To
avoid conflating the effects of measured covariates with other factors, all plots were
greater than 5 m from watercourse channels, wet seeps, lakes, roads, trails, and parking
lots.
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Slope, aspect, topographic position, stand characteristics, and evidence of
disturbances were determined for each plot using professional judgment and a clinometer
when appropriate. Ground cover was ocularly estimated and canopy cover was measured
using a spherical densiometer at plot center and halfway out the radius of the plot in each
cardinal direction. To quantify stand density, each live tree over 5 cm in diameter at
breast height (DBH, 1.37 m) was measured within the 0.1 ha subplot. To initially
differentiate between tree death due to natural thinning/suppression (Peet and Christensen
1987) versus other factors, trees 4-10 cm DBH were tallied by diameter, species, and
status (live/dead). Trees with DBH’s greater than 10 cm are hereafter referred to as
overstory trees. For all live overstory trees within the 0.1 ha subplot, species, DBH, status
(live/dead), damage (e.g., insects, disease, broken top), decay class (if dead), and
vegetative cover within 5 m were recorded. Crown classifications for live trees were
recorded (Schriver et al., 2018; Wright et al., 2018), but not used. To ensure enough dead
trees were captured, all dead trees greater than 10 cm DBH were measured and recorded
throughout the entire 0.25 ha plot.
Dead trees were sorted into one of five decay classes based on prior studies (Fogel
et al., 1973; Harmon et al., 2011) (Appendix B). Fallen and downed trees were not
considered as part of the dead tree count. To establish the death date, two trees per
species and decay class per plot, when present, were sampled with a 5 mm increment
borer. Due to high decomposition of trees in decay classes four and five, it was not
possible to extract intact cores from those trees. Cores from coastal environments tended
to be crumblier than those from montane environments and were less successfully
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sampled. Live tree cores taken by the complementary study at the same sites were used
for crossdating the dead trees using standard methods (Speer, 2010).
Regeneration was assessed by counting all seedlings (< 30 cm tall) and saplings
(> 30 cm tall and < 4 cm DBH) in each 0.1 ha subplot and sorting them by height size
classes (< 15 cm – seedling I, 16-30 cm – seedling II, 30-137 cm – sapling I, and > 137
cm – sapling II). These size classes were adapted from seedling heights used in the U.S.
Forest Service Forest Inventory and Analysis Program field protocols (U.S. Department
of Agriculture and Analysis, Forest Service, 2016). Five basal disks per species were cut
from seedling/sapling root crowns and collected to date regeneration ages. The five
samples included regeneration closest to the plot center and the plot edge in each cardinal
direction. Standard dendroecological techniques were used to date the time of
establishment (Holmes, 1984).

2.3 Selection of Drought Period

To define the drought period within the study area, mean annual PDSI values
were calculated based on monthly values obtained from TerraClimate
(http://www.climatologylab.org/terraclimate.html). Across sites, 2012 and 2016 generally
had PDSI values above -2 ( ), and thus, the drought period was defined as 2013-2015.
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Figure 2. Mean (± SE) Palmer Drought Severity Index (PDSI) values across all study sites (n = 54) in
2007-2017. Study sites are divided into coastal (n = 18) and montane (n = 36) categories. The
investigated drought period (PDSI values < 2; 2013-2015) for this study is shaded grey.

2.4 Lab Methods

Cores
The dead tree cores were mounted and sanded on a belt sander, with up to 600 grit
paper. They were then scanned at 2400 dpi (dots per inch) into the Windendro program
(Régent Instruments Inc., Québec, Canada) for measurement following the
Dendroecology Lab procedure (K. Watson, pers. comm.). Cores too broken or decayed to
dependably measure were not scanned. If rings were difficult to discern from the scanned
image, a binocular dissecting microscope was used for cross-referencing. Once the treering series were created, the tree’s death date was established through cross-dating
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procedures using COFECHA (Holmes, 1984) and live trees that had already been crossdated for the complementary study. Only cores confidently cross dated using COFECHA
and/or qualitatively using marker years (Speer, 2010, p. 2) were included in the analysis.

Basal Disks
To age regeneration, the collected basal disks were sanded down to the root-shoot
interface using a belt-sander or hand sanding (up to 1,000 grit), and the interface was
identified as the transition zone from pith in the shoot to no pith in the root (Telewski,
1993). Jewelry head lenses, compound microscopes, and binocular dissecting microscope
were used throughout the process to ensure the transition zone was accurately identified.
The rings at this interface cross-section were counted underneath a binocular dissecting
microscope by at least two people to ensure accuracy.

Competition Data
This study aimed to examine the influences of stand density and canopy closure
on mortality quantities. Quadratic mean diameter (QMD), a representation of the central
tendency of tree diameters that gives more weight to larger trees, and canopy closure
(CanClos), a measure of the percent of forest floor covered by canopy, were determined
to be appropriate predictors. Additionally, trees per 0.25 ha was used as an exposure
variable (see below). Trees per ha (TPH) and QMD were calculated using measurements
of DBH (cm) recorded for all live trees within the 0.1 ha subplot and for all dead
overstory trees within the 0.25 ha plot. TPH was calculated by multiplying the number of
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live trees in the 0.1 ha by 10 to extrapolate per ha. Professional judgment at the sites was
used to ensure that the 0.1 ha plot was representative of the ha it was located in. Basal
area (BA, m2) was calculated separately for live trees, dead decay class 1, and dead decay
class 2-5 trees to calculate QMD (cm) using the following equation (1) (Erdle, n.d.):
𝑛

𝜋 ∗ 𝐷𝐵𝐻𝑗2
𝐵𝐴𝑖 = ∑ (
)
40000

(1)

𝑗

BA for live trees was multiplied by 10 and BA for dead trees was multiplied by 4
to extrapolate plot measurements per ha. For models evaluating decay classes, we used
one of the following approaches to calculate QMD for each site: 1) The sum of the BA
and TPH from live trees and decay class 1 (dead) trees; or, for models evaluating decay
class 2-5 trees, 2) the sum of the BA and TPH of live trees and decay class 1-5 (dead)
trees. To calculate each site’s QMD, the following equation was used (Curtis and
Marshall, 2000):
𝑄𝑀𝐷 = √

𝐵𝐴
. 0000785 ∗ 𝑇𝑃𝐻

(2)

Exposure Variable
To account for the influence site carrying capacity had on presence of dead trees,
the response variable was modeled as a rate of mortality per unit of exposure (TPH). An
exposure, when used as a model offset, normalizes the response variable. Thus, the model
estimates the effect of predictor variables on the rate of mortality (i.e., a proportion of the
dead tree count divided by the estimated tree count prior to death) (Knudsen, 1992). Dead
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TPH, used in the calculation for the exposures, was calculated by multiplying the count in
the 0.25 ha plot by four. The exposure for models evaluating decay class 1 (DC1) trees
was:
𝐷𝐶1 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = (

𝐿𝑖𝑣𝑒 𝑇𝑃𝐻 + 𝐷𝐶1 𝑇𝑃𝐻
)
4

(3)

Thus, the exposure for DC1 models was limited to recently live and currently live
overstory trees, and was divided by 4 to scale to 0.25 ha for consistency with the response
variable. Similarly, the equation for the exposure for decay class 2-5 (DC25) was:
𝐷𝐶25 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = (

𝐿𝑖𝑣𝑒 𝑇𝑃𝐻 + 𝐷𝐶1 𝑇𝑃𝐻 + 𝐷𝐶25 𝑇𝑃𝐻
)
4

(4)

Drought and Climate Data
To characterize each site’s long-term climate, site-specific 30-year (1990-2020)
means were calculated for annual precipitation (PPT30) and annual maximum temperature
(Tmax,30). Mean annual climatic water deficit (CWD) values for each environment (coastal
and montane) were used to evaluate climate influences on mortality and regeneration. All
climate data were obtained as monthly values from the TerraClimate database
(http://www.climatologylab.org/terraclimate.html) using the coordinates from plot center,
then averaged to get annual values. All data were obtained at a 4 km resolution.

Site Characteristics
Each site’s elevation and topographic position index (TPI) were used to account
for differences in processes such as hydrological balances and cold air drainages (Weiss,
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2001). Elevation data were obtained from the USGS National Elevation Dataset program
(https://viewer.nationalmap.gov/basic/). TPI compares the elevation of a cell in a digital
elevation model (DEM) to the mean elevation of a surrounding neighborhood. Positive
TPIs are associated with upper slope positions, zeroes with plains, constant slopes, or
saddles, and negative values with lower slope positions or valleys (Weiss, 2001). TPI
values were obtained using the spatialEco R package (Entekhabi et al., 2022) with a
neighborhood (Rodman et al., 2020) representing approximately a 0.5 ha area, with the
0.25 ha plot in the middle.

2.5 Statistical Analysis

Mortality and Regeneration Across Competitive and Habitat Gradients Before and After
Drought
Quantities of mortality and regeneration were analyzed through ridge regression
with glmnet (Friedman et al., 2010) separately for coastal and montane environments due
to distinctions in species distributions and climate. When possible, models were further
separated by time period: drought/post-drought period verse pre-drought period. Further,
death dates were examined by decay class and establishment dates were compared
between seedling/sapling size classes.
It was assumed that the counts of mortality and regeneration came from a Poisson
distribution and would be modeled with a log link function. The ratio between sample
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size and independent variables, termed “events-per-variable” (EPV), was below 10 due to
the sample size (coastal n = 18 sites, montane n = 36 sites) and the number of predictor
variables for mortality (elevation, CanClos, QMD, TPI, PPT30, Tmax,30) and regeneration
(elevation, ground cover, CanClos, TPH, PPT30, TPI, Tmax,30) analyses (Appendix A).
Consequentially, variable selection was not appropriate and ridge regression was instead
selected. Ridge regression uses a penalty to shrink the coefficient magnitude towards
zero, allowing for stabilized estimations of predictor coefficients (Heinze et al., 2018).
Specifically, ridge regression is a form of penalized regression, like lasso, based on the
L2-penalization of coefficient magnitude (Friedman et al., 2010). Through providing
stable solutions, ridge regression improves upon ordinary least squares for models with
low EPVs (Blackburn et al., 2021; Heinze et al., 2018).
Prior to running the ridge regressions, several assumptions were evaluated. For
the mortality analysis, elevation was log transformed to improve linearity. Additionally,
no spatial autocorrelation was found (Moran’s I; ape and geosphere) (Paradis, 2022).
While ridge regression is robust against some assumptions such as overdispersion,
variance inflation factors (VIFs) were checked and no predictors were colinear (VIF ≤
3.5). A Poisson distribution was selected that had a lower root mean squared error
(RMSE) compared to negative binomial families. RMSE is a measure of standard
deviation of residuals and is expressed in the same units as the response variable. An
ideal RMSE for the model is one with a similar value to the “natural” ecological variation
(irreducible error) (Blackburn et al., 2021).
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All variables were rescaled and standardized prior to running a bootstrap analysis
(1,000 trials) to further enable robust analysis for the small sample size (Norazan et al.,
2009; Zahari et al., 2014). Prior to running the bootstrap analysis, a penalization or tuning
parameter (λ) for each ridge regression model was selected to stabilize, or reduce, model
variance by introducing a small amount of bias (i.e., shrunken coefficient estimates)
(James et al., 2021). Using all of the data, the magnitude of λ was chosen via crossvalidation for each model (Blackburn et al., 2021; Friedman et al., 2010). During the
bootstrap analyses of the penalized regressions, all models were trained and tested on
equivalent splits, allowing for comparison of errors of the full model and the null model.
As ridge regression includes all the predictors in the final model, significance of
variables cannot be determined, nor can the magnitude of coefficients be compared
between models. Still, the variables’ relative importance within the model can be
compared using the relative magnitude of the standardized coefficient estimates. To
quantify the improvement in predictive power of the full model compared to the null
model, RMSEs from the full model were subtracted from RMSEs of the null model for
each trial. Lastly, R-squared (R2) values were calculated using the ridge estimated median
coefficient values for each model.

Climatic Water Deficit, Mortality, and Regeneration
To identify the influence of climate on tree mortality and regeneration trends,
Superposed Epoch Analysis (SEA) was performed using the R package dplR (Bunn et al.,
2016). SEA uses bootstrapped confidence intervals (1,000 trials) to check for significant
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departures from the mean for a chosen set of event years along with lagged years
(Mariani et al., 2016). Event years were defined as years with 10 or more death or
establishment dates and were compared with annual CWD values. For mortality analyses,
only trees having died since 2005 were evaluated, as decay reduced the amount of trees
successfully dated prior to 2005. To evaluate recent regeneration, excluding germinants,
the year range 1980 to 2019 was chosen for SEA.
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3. RESULTS

3.1 Drivers of Mortality
After graphically determining that decay class 1 (DC1) trees generally died in the
later years of the drought and after the drought (Error! Reference source not found.), a
Kruskal-Wallis test determined a significant difference in death dates between DC1 trees
and decay class two through three trees. As older death dates were associated with more
decayed classes, it was concluded that decay class four and five trees (which were not
generally datable) also died prior to the drought period. Therefore, the bootstrap and
estimation of ridge regression models was repeated for each model: coastal droughtrelated mortality (DC1 trees), coastal pre-drought mortality (decay class 2-5 trees; DC25
trees), montane drought-related mortality (DC1 trees), and montane pre-drought trees
(DC25 trees). Due to a limited number of dated death dates of trees (total n = 209, coastal
n = 45, montane n = 164), we combined montane and coastal environments for death
dating purposes. The combined analysis was verified with separate environment analyses
(Appendix C). Due to these death dates, DC1 and DC25 trees will hereafter be referred to
as drought-related and pre-drought mortality respectively.
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Figure 3. A) Death years by decay class 1 (n = 99, median = 2016, mean = 2016), decay class 2 (n = 77,
median = 2012, mean = 2010), and decay class 3 (n = 33, median = 2009, mean = 2008) and B)
death years for decay class 1 and decay class 2 and 3 grouped (n = 110, median = 2011, mean =
2009). Drought period (2013-2015) is shaded grey.

The strongest predictor for drought-related mortality was canopy closure in
montane environments, and TPI in coastal environment (Figure 4 and Figure 5). QMD
had a relatively strong negative relationship with montane drought-related mortality,
indicating that as the central tendency of tree size increased the rate of drought-related
mortality per total trees decreased. PPT30 and Tmax,30 had the largest and second largest
(positive) median coefficients for montane pre-drought mortality, respectively. This
indicated that montane pre-drought mortality was higher in warmer, wetter sites. Like
drought-related mortality, montane pre-drought mortality also had a negative relationship
with canopy closure. Coastal sites characterized by higher elevation, larger QMDs, lower
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Tmax,30, and lower TPI had lower rates of drought-related mortality (Figure 5). Elevation
and Tmax,30 had the largest positive relationships with rates of pre-drought mortality. Thus,
unlike drought-related mortality, coastal pre-drought mortality was lower at lower
elevations. The models’ R2 values ranged from 0.14 to 0.52, with varying degrees of error
(Table 1, Appendix D).
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Figure 4. Covariate coefficient distributions from the bootstrap ridge estimation; intercept covariate not
included due to scale limitation. A) Montane drought-related mortality (DC1 trees); intercept
median coefficient was -2.88 with 95% confidence interval ranging from -3.18 to -2.61. B)
Montane pre-drought mortality (DC25 trees); intercept median coefficient was -2.23 with 95%
confidence interval ranging from -2.57 to -1.96. Predictor abbreviations include: CanClos
(Canopy Closure), LogElev (log of elevation), PPT[30] (30-year mean annual precipitation),
QMD (quadratic mean diameter), TMax[30] (30-year mean annual maximum temperature),
and TPI (topographic position index). Parenthetical numbers indicate coefficient median
values. Note differing vertical axis scales between panels.
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Figure 5. Covariate coefficient distributions from the bootstrap ridge estimation; intercept covariate not
included due to scale limitation. A) Coastal drought-related mortality (DC1 trees); intercept
median coefficient was -3.43 with 95% confidence interval ranging from -4.04 to -3.05. B) Coastal
pre-drought mortality (DC25 trees); intercept median coefficient was -1.86 with 95% confidence
interval ranging from -2.10 to -1.69. Predictor abbreviations include: CanClos (Canopy Closure),
LogElev (log of elevation), PPT[30] (30-year mean annual precipitation), QMD (quadratic mean
diameter), TMax[30] (30-year mean annual maximum temperature), and TPI (topographic position
index). Parenthetical numbers indicate coefficient median values. Note differing vertical axis
scales between panels.
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Table 1. Descriptive statistics for the four models predicting rate of montane drought-related mortality
(DC1 trees), montane pre-drought mortality (DC25 trees), coastal drought-related mortality (DC1
trees), and coastal pre-drought mortality (DC25 trees). All values, save the R2, are median values
from the ridge bootstrap analysis. The abbreviation RMSE indicates root-mean squared error.

Model

R2

Response #

Montane Drought-related
Mortality
Montane Pre-drought
Mortality
Coastal Drought-related
Mortality
Coastal Pre-drought
Mortality

0.28

4.0

Full Model
RMSE
6.0

RMSE Difference
(Null - Full)
1.8

0.14

11.5

13.3

2.5

0.29

1.0

2.2

0.4

0.52

10.0

5.6

3.0

When all decay classes were pooled, no significant difference was found between
montane (15 ± 1.8 %, n = 36) and coastal (18 ± 1.7%, n = 18) mortality rates (W = 395, p
= 0.20, Mann-Whitney test, Error! Reference source not found.). In montane
environments, the rate of pooled dead trees both had positive relationships with PPT30
and Tmax,30 and a negative relationship with canopy closure. In coastal trees, the rate of all
dead trees had strong positive relationships with elevation and Tmax,30 and negative
relationships with QMD and PPT30. The R2 for the montane and coastal models predicting
total mortality were 0.21 and 0.72, respectively.
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Figure 6. Map of mortality rates by site. Circle symbols represent the locations of study sites, with the size
and color of the circle proportional to the percent of dead trees at the plot; larger circles represent
increased mortality rates

Overall mortality was more prevalent in Pinus sp. compared to other genera, and
in smaller diameter trees (Figure 7 and Error! Reference source not found.). The
highest rates of overstory mortality across all sites were observed in grand fir (Abies
grandis Douglas ex. D. Don, 51%), sugar pine (43%), and western white pine (37%)
(Figure 7). Brewer spruce (6%) and Sitka spruce (9%) had the lowest average mortality
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rates. Mortality rates by species and decay classes were not calculated because of an
imbalance in dated death years. Drought-related mortality was concentrated in smaller
diameter classes, while pre-drought mortality was more evenly distributed among all
diameter size classes (Error! Reference source not found.). This trend was most
pronounced in coastal environments where a sizable portion (16%) of the pre-drought
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mortality had trees > 120 cm DBH and no drought-related mortality with trees > 80 cm
DBH.

Figure 7. Mean (± SE) percent dead trees per ha for species with n ≥ 60 across all sites; specific values
were calculated across all sites in which that species occurred. Mortality includes both pre-drought
and drought-related time periods. Parenthetical numbers indicate the number of sites in which a
species occurred. Abbreviations: ABGR (Abies grandis), PILA (Pinus lambertiana), PIMO (Pinus
monticola), SESE (Sequoia sempervirens), TSME (Tsuga mertensiana), ABMASH (Abies
magnifica var. shastensis), ABCO (Abies concolor), PSME (Pseudotsuga menziesii), TSHE
(Tsuga heterophylla), NODE (Notholithocarpus densiflorus), PISI (Picea sitchensis), and PIBR
(Picea breweriana).
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Figure 8. A) Montane number of live and dead overstory trees per hectare by diameter at breast height
(DBH). B) Montane number of dead overstory trees per hectare by DBH and decay class. C)
Coastal number of live and dead overstory trees per hectare by DBH. D) Coastal number of dead
overstory trees by DBH and decay class. All columns are mean (± SE) values based on predrought and drought-related time periods. Note the differing scales on y axes.

3.3 Drivers of Regeneration
To determine if regeneration trends differed before and during/after the drought
period, differences between seedling and sapling establishment dates were evaluated. The
smallest seedings (e.g., seedling I) tended to have more recent establishment dates
(Figure 9Error! Reference source not found.). Note that sapling IIs were difficult to
remove from forest floor, accordingly only one was sampled (established in 1991).
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Nearly all regeneration established before the drought period. Thus, seedlings and
saplings were pooled, as both groups represented pre-drought regeneration.

Figure 9. A) Establishment years by regeneration category; seedling I (n = 76, median =1998, mean =
1995), seedling II (n = 183, median = 1994, mean = 1989), sapling I (n = 201, median = 19991
mean = 1991). Only one sapling II was dated, establishing in 1991. B) Regeneration years for
grouped seedlings (n = 259, median = 1994, mean = 1991) and grouped saplings (n = 202,
median = 1975, mean = 1973). Drought period (2013-2015) is shaded grey.

In both montane and coastal environments, the strongest (positive) predictor of
regeneration was TPH (Error! Reference source not found.). Regeneration in montane
environments was also positively related to Tmax,30, canopy closure, and TPI, in
descending order of strength. However, the model’s overall R2 value was only 0.05. In
32

coastal environments, TPH was followed as the strongest predictor of regeneration by
TPI, and Tmax,30, all with positive effects on regeneration. However, unlike montane
environments, coastal regeneration was negatively associated with canopy closure. The
coastal model described approximately 66% of the variation with varying degrees of error
(Error! Reference source not found., Appendix D).

Figure 10. Covariate coefficient distributions from the bootstrap ridge estimation; intercept coefficient not
included due to scale limitation. A) Montane regeneration quantities (seedlings and saplings);
intercept median coefficient was 4.71 with 95% confidence interval ranging from 4.38 to 5.00. B)
Coastal regeneration quantities (seedlings and saplings); intercept median coefficient was 3.60
with 95% confidence interval ranging from 3.07 to 4.03. Predictor abbreviations include: CanClos
(Canopy Closure), Elev (elevation), PPT[30] (30-year mean annual precipitation), TMax[30] (30year mean annual maximum temperature), TPH (live trees per hectare), and TPI (topographic
position index). Parenthetical numbers indicate coefficient median values. Note differing vertical
axis scales between panels.

33

Table 2. Descriptive statistics for the two models predicting the quantity of regeneration (seedling and
saplings) in montane and coastal environments. All values, save the R2, are median values from
the ridge bootstrap analysis. The abbreviation RMSE indicates root-mean squared error.

Model

R2

Response #

Full Model RMSE

RMSE Difference
(Null - Full)

Montane

5%

100.5

85.43

0.85

Coastal

67%

29.50

51.03

11.33

Overall, there was less regeneration in coastal environments compared to montane
environments. In both environments, shade-tolerant species, namely true firs,
outnumbered shade-intolerant species (Figure 11 and Figure 12Error! Reference source
not found.). In montane environments, shade-tolerant white fir, Shasta red fir, and
mountain hemlock were the most common regeneration species. Brewer spruce was more
commonly found as a sapling than a seedling. In montane environments less than half the
number of white pines (sugar pine and western white pine) occurred than true firs. In
coastal environments, the most common sapling species was tanoak (Notholithocarpus
densiflorus (Hook & Arn) Manos, Cannon & S.H.Oh) and the most common seedling
was grand fir. Hardwood and shade-intolerant seedling species were found at similar
rates in coastal environments.
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Figure 11. Mean (± SE) number of hardwoods, shade-intolerant, moderately shade-tolerant, and shadetolerant seedlings and saplings per hectare in coastal and montane environments.
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Figure 12. Mean (± SE) number of seedlings and saplings present per hectare by species for A) montane
environments and B) coastal environments. Parenthetical numbers indicate the number of sites in
which a species occurred. Abbreviations: ABCO (Abies concolor), ABGR (Abies grandis),
ABMASH (Abies magnifica var. shastensis), NODE (Notholithocarpus densiflorus), PIBR (Picea
breweriana), PILA (Pinus lambertiana), PISI (Picea sitchensis), PSME (Pseudotsuga menziesii),
SESE (Sequoia sempervirens), TSHE (Tsuga heterophylla), and TSME (Tsuga mertensiana). The
“Other” categories include Alnus spp., Pinus attenuata, Pinus contorta ssp. contorta, Pinus
contorta ssp. murrayana, and Quercus spp., along with a few unidentified hardwoods. Note that
only plots which had the presence of the pertaining species were considered.

3.4 Climatic Water Deficit, Mortality, and Regeneration Trends
The median death year of dated dead trees was 2014 (range 1987-2020). In both
montane and coastal environments, the trendlines showed a similar pattern with a lag
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between CWD and tree mortality (Error! Reference source not found.). In montane
environments, seven years were identified as high mortality years (> 10 death dates)
between 2005 and 2020: 2013, 2014, 2015, 2016, 2017, 2018, 2019. Along with the spike
in mortality in the 2013-2015 drought period, there was also a relatively smaller spike of
mortality during the 2007-2009 drought (which also had PDSI values ≤ -2; Error!
Reference source not found.). Mortality events in montane environments had a
significant (p < 0.05) positive relationship with CWD during the death year and one and
two years preceding the death year (Appendix FAppendix F). In coastal environments there
were no years between 2005 and 2020 with 10 death dates for analysis.
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Figure 13. A) Montane superposed epoch analysis (SEA) results showing climatic water deficit (CWD)
departures from the mean CWD (2005-2020) for years of high mortality. Dark bars indicate lags
with a significant CWD departure (p < 0.05) from the mean. B) Annual number of dated dead
trees and regional annual CWD for coastal and montane environments. The smaller number of
dead coastal trees is in part due to the fact coastal cores were more decayed and therefore difficult
to date. The vertical gray bar indicates the drought period. Note: Coastal SEA was not possible
due to an insufficient sample size of event years.

The median height of dated regeneration was 28 cm and the median establishment
year was 1988 (range 1901-2017; Figure 14). In montane environments, eight years were
high event years (> 10 establishment dates) between 1980 and 2019: 1986, 1987, 1990,
1994, 1996, 1998, 1999, and 2002. Montane environments had a signficant negative
relationship with CWD in the year preceding regeneration events (Figure 15, Appendix
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F). In coastal environments, only one year (2011) had over 10 dated regenerations; this
sample size was inadequate for SEA. After the drought period, no regeneration
established in montane enviroments, and only one established in coastal environments. In
both environments, a lagged increase in establishment was evident following years with
relatively low CWD.

Figure 14. Quantity of dated regeneration samples established in each decade, during the 2013-2015
drought, and the post-drought period. Note that the time period bins are not equivalent for
the most recent bins compared to prior decades. Quantities are for pooled montane and
coastal environments.
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Figure 15. A) Montane superposed epoch analysis (SEA) results showing climatic water deficit (CWD)
values for years of high regeneration establishment; dark bars indicate lags with a significant
CWD departure (p < 0.05) from the mean (red dashed line, 1980-2019). B) Annual number of
dated established regeneration and annual CWD for coastal and montane environments. The
vertical gray bar indicates the drought period. Note: Coastal SEA was not possible due to an
insufficient sample size of event years.
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4. DISCUSSION
This work found meaningful trends between forest demographics and drought in
northern California. Mortality and regeneration patterns varied before and during/after
the drought period and between coastal and montane environments. Montane droughtrelated mortality occurred in sites with more canopy openness and was highest in white
pine species; coastal drought-related mortality was highest in warm sites with high
topographic position indices. In both montane and coastal environments, drought-related
mortality was concentrated in smaller trees. Regeneration in both environments was
weighted towards older (20+ years) shade-tolerant species, with few shade-intolerants
present. These findings suggest that management efforts to enhance drought resistance
and diversity should target montane stands containing white pines and coastal sites with
warmer temperatures and greater exposures (i.e., high TPI values). Additionally, because
small trees in this region were more prone to drought-related mortality, preferential
retention of medium and large trees will likely increase forest resistance and resilience.
Our observations of high white pine mortality coupled with low white pine regeneration
indicate that artificial regeneration efforts (e.g., planting seeds or seedlings) should favor
these taxa, if they are to persist in these landscapes. Lastly, creating and allowing more
disturbances (e.g., gaps, prescribed fires, wildfires) will foster a diverse and younger
understory.
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4.1 Drivers of Mortality

Montane Environments
A primary difference between drought-related montane mortality and pre-drought
mortality was that pre-drought mortality had a positive relationship with mean
precipitation (PPT30)), while drought-related mortality had a relatively weak negative
relationship with precipitation. Prior studies have demonstrated that as drought severity
increases, drier stands with higher mean CWD have higher mortality (Young et al.,
2017). We found a similar trend of drought-related mortality and a negative relationship
with mean precipitation, which was not found for pre-drought mortality. Pre-drought
mortality may have been more related to pathogens, such as white pine blister rust
(Cronartium ribicola J.C.Fisch in Rabh), that thrive in moist conditions (National
Biological Information Infrastructure and Invasive Species Specialist, 2005; Schwandt et
al., 2013), or due to specific acclimations. For example, sugar pine and western white
pine, which predominantly died prior to the drought (90% of their mortality), are notably
vulnerable to white pine blister rust and hydraulic failure (Martínez-Vilalta et al., 2004).
Despite this vulnerability, these pines do not appear to increase stomatal regulation
during water stress (Robinson, 2021), amplifying their vulnerability to hydraulic failure.
White pines in wetter sites were likely acclimated to ample water availability and
vulnerable to drought (including periods of water stress prior to the 2013-2015 drought).
through hydraulic failure and/or decreased defense mechanisms. Specifically, sugar pine
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and western white pine overall mortality rates (decay classes 1-5) had a significant
positive relationship with mean precipitation (Appendix G).
In montane environments, more open canopy sites had a higher rate of mortality,
particularly drought-related mortality. To contextualize this relationship, very few (4 out
of 54) sites had basal areas below 30 m2 ha-1, a density classified as intermediate to dense
in prior studies (Young et al., 2017), and the sites had high trees per ha (median 490 per
ha). However, despite the narrow range of densities, montane sites had a wide range of
canopy closures (~37-98%), likely enabling the detection of this negative trend between
drought-related mortality and canopy closure. This trend was not observed in coastal
sites, possibly due to relatively narrow range of canopy closures (~81-99%). A reduction
in canopy closure can impact forests via: (1) decreased overstory transpiration coupled
with increased understory transpiration, (2) decreased canopy interception of
precipitation inputs, (3) increased solar radiation, and (4) increased wind energy (Adams
et al., 2012; Anderegg et al., 2013). The net change in soil moisture is not always clear,
as reductions in overstory transpiration and interception increase soil moisture, while
solar radiation and wind can increase soil temperature and offset some of the moisture
gain (Anderegg et al., 2013). Increased wind and more “edges” can also assist in the
spread of aerially dispersed pathogens, like white pine blister rust (Kimmey and
Wagener, 1961), that can synergize with any reduction in water availability. Although
extensive tree mortality typically increases water availability, in drier sites, water yield
can decrease following tree mortality (Adams et al., 2012). Our findings of higher
drought related mortality in dry sites support this, indicating lower canopy cover likely
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translated to increased overstory water stress, causing greater tree mortality. This could
be due to greater solar radiation, wind, and understory transpiration.

Coastal Environments
An important difference between coastal drought-related and pre-drought
mortality was elevation, with pre-drought mortality having a positive relationship with
elevation, and drought-related mortality having a relatively weaker negative relationship.
The elevational trends could relate to summer fog, which is most prevalent immediately
along the coast (Wilson & Jetz, n.d.) (Grantham, 2018). There can be substantial
differences in summer cloud cover between neighboring coastal sites like Arcata
(elevation 32 m) and Kneeland (elevation 487 m) (Wilson and Jetz, n.d.), with Kneeland
being only 14 km inland from Arcata. Fog cover, including summer fog, has decreased
33% since the early 20th century (Johnstone and Dawson, 2010). Thus, pre-drought trees
at lower elevations likely had more cloud cover, ameliorating heat-related stress (Emery
et al., 2018), and leading to less mortality than higher elevations. It is also possible that
this trend of reduced mortality at lower elevations was partially driven by fast
decomposition rates in consistently moist, low-elevation coastal environments (Zanne et
al., 2015). Coastal drought-related mortality’s contrastingly negative relationship with
elevation may be because low-elevation coastal trees were more acclimated to wet
conditions caused by the fog and therefore more sensitive to drought, especially given the
reductions in summer fog (Johnstone and Dawson, 2010).
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Unlike montane environments, mean maximum temperature (Tmax,30) and
topographic position index were relatively strong positive predictors of coastal mortality
in both time periods, especially recent drought-related mortality. This could be
attributable to greater drought sensitivity in coastal species compared to montane species
(Robinson, 2021), such that high mean maximum temperature and topographic position
index substantially amplified drought conditions.

Tree Size and Mortality
Mortality was higher in smaller diameter classes, and drought-related mortality
was higher in stands with lower quadratic mean diameters in both environments. At
coastal sites, ~33% of drought-related dead trees were 20 cm DBH or smaller. This trend
is contrary to the Sierra Nevada, where drought-related mortality was concentrated in
medium to large co-dominant and dominant trees (Das et al., 2016; Stephens et al., 2018;
Young et al., 2020). Bark beetles (Dendroctonus, Ips, and Scolytus spp. Erichson), which
particularly affect large trees (Das et al., 2016), were more pervasive in the central and
southern Sierra Nevada than in northern California (California Forest Pest Council,
2016). Smaller diameter trees, on the other hand, fall victim to suppression-related
mortality more frequently than larger diameter trees, particularly trees under 50 cm DBH
(Das et al., 2016). Suppression or stem exclusion was likely one of the interacting agents
of mortality. Additionally, understory plants, including small trees, typically have
shallow roots with presumably limited access to reliable water (Bond et al., 2008;
Stubblefield and Reddy, 2021). As young trees grow, transpiration rates exponentially
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increase, before slowing down, and ultimately reaching an asymptotic maximum (Bond
et al., 2008). Small trees may have had higher water demands for their relatively less
developed root systems that contributes to water stress and mortality. Further, insect and
pathogens follow on small trees already experiencing suppression and water stress, and
can contribute to their mortality (Furniss, 1977). Mortality in montane trees was more
balanced across size classes for both pre-drought and drought-related mortality than
coastal trees (Error! Reference source not found.). This could result from greater insect
damage in montane trees, as approximately 25% of montane trees showed signs of
potential insect damage compared to only 17% of coastal trees.
The relatively low range of R2 values (0.14 to 0.52) indicates that while our
models explained some of the variation in mortality rates between time periods and
environments, there are additional factors at play. One of the largest contributions to
Sierra Nevada tree mortality during the recent drought was forest insects and pathogen
distribution (Das et al., 2016), which was not modeled in this investigation. Likewise, soil
and geologic conditions, known to influence tree mortality (Soong et al., 2020), were not
analyzed. Thus, this study provides information about above-ground abiotic dynamics
contributing to mortality that likely interact with insects, pathogens, and soils.

4.2 Drivers of Regeneration
Relatively strong relationships between regeneration and stand density (TPH),
mean maximum temperature, and canopy closure were found for both montane and
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coastal environments. The positive relationship between tree density and regeneration
could be because high density signifies high site productivity with abundant overstory
trees producing viable seeds. Furthermore, it is possible that some overstory trees
established at a similar time as the regeneration, when stand density was lower, but have
been more competitive at growing due to favorable microsites, spacing, or genetic
predisposition (Oliver and Larson, 1996). Moist and moderately warm conditions are
favorable for photosynthesis and are associated with large seed crops (Keyes and Manso,
2015; Lauder et al., 2019). High mean maximum temperature could represent these
favorable or unfavorable conditions for trees. For example, some conifers produce large
seed crops when stressed as a “flight” mechanism (Lauder et al., 2019), such that the
positive relationship between mean maximum temperature and regeneration might result
from stressed overstory trees producing bumper seed crops.
Canopy closure represented the greatest difference between montane and coastal
regeneration trends. In montane environments, regeneration increased with canopy
closure, and the most prominent species were shade-tolerant Abies (white and Shasta fir).
Interestingly, regeneration was also predominantly advanced regeneration rather than
new recruits (median age 39 years, mean age 44 years). Additionally, while high canopy
cover may hinder the release of suppressed regeneration, it can also buffer regeneration
from high evaporative demands, enabling shade-tolerant species to survive for decades in
a suppressed state. Notably, coastal regeneration had a negative relationship with canopy
closure, which was the opposite of our findings for montane environments. Under the
high canopy closure (81-99%) of coastal sites (versus 37-98% at montane sites), the
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presence of any additional light may aid successful seedling regeneration, even for shadetolerants (Burns and Honkala, 1990; Fryer, 2008). Finally, to contextualize this
difference between montane and coastal regeneration’s relationships with predictors, the
montane regeneration model was relatively weak (R2 = 0.05), whereas the coastal model
was strong (R2 = 0.67).

4.3 Northern California Species Perpetuation
Our montane demographics are consistent with prior findings in the Sierra
Nevada that found the highest rates of mortality in Pinus (Fettig et al., 2019; Stephenson
et al., 2019), and regeneration dominated by shade-tolerant trees such as Abies (Young et
al., 2020). The decline in white pines (i.e., Sugar pine and western white pine) is likely
due to their susceptibility to insects and pathogens (Dudney et al., 2020; Young et al.,
2020), including white pine blister rust that was observed at some sites. High density
stands, like those of our study sites, predispose pines to Dendroctonus ponderosae
(Hopkins) attacks (Fettig et al., 2007; Wood et al., 2003; Young et al., 2020). These data
indicate that the future distribution of white pines is at risk (i.e., dying disproportionaly
with limited regeneration).
The highest coastal mortality rate was in grand fir (51%), but was limited to sites
in the most mortality-vulnerable part of our coastal study area (i.e., southern portion of
the study area in Mendocino County). These were three of the four coastal sites with the
highest mean maximum temperatures, and lowest mean precipitation values (third
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through fifth) of all coastal sites. These sites represent the southern-most extension of this
species’ range (Kauffmann, 2012), so demographic findings about these populations are
particularly meaningful, as they can inform about potential future shifts in distribution.
Dead grand fir tended to be smaller (DBH 24 ± 2 cm) than their live counterparts (DBH
46 ± 3.5 cm). Smaller grand fir may have had less dependable access to ground water
during the drought (Stubblefield and Reddy, 2021), and been further vulnerable to insect
damage (observed on approximately 37% of grand fir). Known insects that have
contributed to grand fir decline in Mendocino County include the balsam wooly adelgid
(Adelges piceae Ratzeburg), first detected in the area in 2011 (Jones et al., 2019), and the
fir engraver beetle (Scolytus ventralis LeConte), which is widespread in low-levels across
parts of Mendocino County (California Forest Pest Council, 2020). Grand fir affected by
these insects have high levels of Heterobasidion occidentale (Otrosina & Garbel), a rootdisease that serves as a further predisposing factor (Christopher Lee, pers. comm).
The lowest rates of mortality were found in Picea. Evidence of forest insects and
pathogens (pers. observation), a primary driver of mortality (Das et al., 2016), were
sparse on these species relative to other species. Brewer spruce appeared to maintain
relatively even stromatal conductance during the drought (Robinson, 2021), a strategy
that proved successful in this case. Brewer spruce was the fourth most abundant sapling
(145 ± 48 across 13 sites) in montane enviroments, while Sitka spruce was one of the
least common species observed in coastal regeneration.
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4.4 Climatic Water Deficit, Mortality, and Regeneration Trends

Mortality
While all drought years and the four years following (2013-2015) had high
mortality numbers (≥ 10 deaths), only 2014-2017 had over 12 dated deaths,
demonstrating increased mortality after the first year of a multi-year drought, and two
years after the drought. This lag may be attributed to tree physiological responses to
drought delaying the mortality mechanisms of carbon starvation and hydraulic failure
(McDowell et al., 2008). The use of stored carbohydrates to support metabolic functions
when photosynthesis is water limited (McDowell et al., 2008) could delay droughtinduced mortality. Additionally, mortality due to drought-induced hydraulic failure may
be delayed, as trees typically need to experience a roughly 60% loss of hydraulic capacity
before dying (Adams et al., 2017; Anderegg et al., 2015; Young et al., 2017). Thus,
significantly high CWD in years preceding tree death likely causes gradual carbon
depletion and the accumulation of hydraulic damage. Many forest pests such as bark
beetles amplify drought effects, and continue attacking weakened trees after drought
(Millar and Stephenson, 2015; Young et al., 2017). A combination of these mechanisms
(e.g., hydraulic failure, carbon starvation, and/or biotic agents) likely drive tree death
(Manion, 1981) and explain the importance of CWD in the preceding years. The limited
number of coastal event years is likely related to the fact that cores extracted from dead
trees in this consistently wet environment were more crumbly and broken, making them
harder to date.
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Regeneration
Conifer reproductive cycles, including seed germination, takes multiple years and
relatively few seeds successfully germinate and survive to adulthood (Fowells, 1965;
Minore, 1986). For some species such as western white pine, seeds can stay viable in the
duff for up to four years, with germination rate decreasing over that time period (Griffith,
1992). For white fir, cones are fertilized, reach full size, and begin seed dispersal in
autumn the year prior to germination (Zouhar, 2001). For both of these conifer species,
the importance of available moisture the year prior to successful germination is clear: it
ensures stratification and adequate resources for germination early in the following year.
The age range (3 to 119 years; median of 32 years) of all regeneration suggests
limited successful, recent replacement following overstory mortality, with approximately
80% of the regeneration older than 20 years . Further, only one coastal seedling and no
montane regeneration established since 2015. This indicates that stand conditions are
likely limiting and/or climatic conditions have been inadequate for successful
regeneration. Conversely, it is also possible that recent regeneration is occurring, but not
detected (i.e., germinants were not counted and/or were browsed). The advanced
regeneration throughout the sites indicates slow growth rates in seedlings and saplings,
likely due to the shaded environments that characterized most of the coastal and montane
regeneration sites (Pirtel et al. 2021). Notably, these study sites lacked recent
disturbances such as active management and/or wildfire, which generally create favorable
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conditions for shade-intolerant species, and increase growing space and light in the
understory to support faster growth rates (Pirtel et al., 2021).

4.5 Management Implications and Future Directions
Northern California is renowned for its diverse and ubiquitous forests and is
economically dependent on the forest product industry (i.e., Humboldt, Shasta, and
Siskiyou Counties consistently provide most of the state’s harvested timber volume;
California Department of Tax and Fee Administration 2020). Currently, northern
California is experiencing the worst drought severity with the highest acreage of tree
mortality across the state (USDA, 2021). Climate-driven tree mortality can increase fuel
availability and increase the energy released during wildfire (Goodwin et al., 2021).
Thus, learning from past record-setting droughts can inform management in this region to
support the sustainment of invaluable biodiversity and forest resources.
These findings can help guide silvicultural prescriptions, such as thinning and
prescribed fire, to enhance forest drought resistance, resilience, and stand structure
(O’Hara et al., 2012; Soland et al., 2021; Stephens et al., 2020; van Mantgem et al., 2016;
Vernon et al., 2018). Some current California Forest Practice Rules include canopy cover
language, such as the Forest Fire Prevention Exemption and the Emergency Notice for
Fuel Hazard Reduction (14 CCR § 1052.4 and §1038.3), which require a maintenance of
at least 30-50% canopy cover depending on the stand type and specific permit.
Silviculture prescriptions like Group Selection or Variable Retention, allow for a
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diversity of canopy openings (California Forest Practice Rules, 2022), and can therefore
be tools to balance denser canopy cover maintenance in some areas, while promoting
gaps and shade-intolerant species regeneration in other areas. In coastal environments,
management aimed at reducing drought-related mortality should be focused on sites with
the warmest summers, which are at the southern edge of the study area. In both coastal
and montane environments, more drought-related mortality was observed in smaller trees.
There was no drought-related mortality on the coast in trees with DBH greater than 80
cm and the majority (~80%) of the montane drought-related mortality occurred in trees
smaller than 40 cm DBH. Thus, management should aim to foster landscapes with trees
greater than 80 cm DBH on the coast and 40 cm DBH in montane environments, as these
trees likely have more developed roots to sustain water use during drought.
The Klamath Mountains of northern California are renowned for biodiversity,
hosting over 30 conifer species (Kauffmann, 2012). However, our data show that these
forests’ relative species abundance is shifting, with the montane regeneration dominated
by white fir and Shasta fir. Species like white pines have higher mortality and are limited
in the understory. To maximize white pine perpetuation, management prescriptions could
prioritize growing space around these species; this will increase resource availability,
productivity, and available photosynthate to produce secondary compounds for increased
protection against forest pests (Smith et al., 1996). This type of prescription should be
prioritized in wetter parts of white pines’ range where higher mortality rates were
measured. To facilitate regeneration, gaps or group selection units should be
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preferentially placed next to mature white pines, so these shade-intolerant species have
areas where they are most competitive at regenerating.
The final management implication from our study is that recent successful
regeneration appears limited (i.e., we found a median age of seedlings and saplings of 33
years, and approximately 80% of the regeneration older than 20 years), leaving
uncertainties regarding forest perpetuation. Canopy openness leads to significantly taller,
larger juvenile trees (Pirtel et al., 2021), and more shade-intolerant species. Thus, to
encourage more diverse and responsive regeneration, disturbances that foster canopy
openings should be promoted, especially in montane environments. While this may seem
at odds with maintaining canopy closure to reduce montane mortality, silvicultural
prescriptions including group selection and variable retention allow for a diversity of
canopy closures across the landscape (California Forest Practice Rules, 2022)
It is also unknown if the current regeneration will respond to releases and
effectively perpetuate forests. Seedlings and saplings that grow in suppressed conditions
are adapted to closed canopies, having shade-foliage with lower photosynthetic capacity
than open-grown foliage (Ruel et al., 2000). If given the opportunity to release, these
trees must deal with increased light and evaporative demands plus the potential for frost
damage (Tesch and Korpela, 1993). As such, canopy openings can fail to elicit
substantial increases in growth and lead to understory mortality (Ruel et al., 2000). Red
fir saplings across a broad range of sizes (1.5-3.6 m height) and ages (10 -97 years) can
release after understory thinning, with younger trees releasing better than older trees
(Oliver, 1985). Likewise, grand firs older than 30 years (Ferguson and Adams, 1980) and
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white firs older than 45 years do not respond to release as well as younger conspecifics
(Helms and Standiford, 1985). Further studies should explore regeneration responses to
management, especially in a diverse region such as the Klamath Mountains, as release
can be very species-dependent (Ruel et al., 2000).
In conclusion, as California enters another record-setting drought, the importance
of fostering resistant and resilient landscapes is highlighted. High mortality rates were
found in small trees, montane white pines, and warm, exposed (e.g., ridgetop) coastal
environments. Across all study plots, regeneration was old and consisted of few shadeintolerant species. We recommend that disturbances such as fire and thinning be used to
promote forest diversity, resistance, resilience, and perpetuation. As possible, these types
of disturbance treatments should retain medium-large trees, as these size classes seem to
be the least vulnerable to mortality. Where appropriate, artificial regeneration in wildfire
footprints or mechanical openings should promote white pines, as these species may fail
to persist in northern California due to the demographic trends found in this study.
Finally, our work indicates that management efforts should prioritize warm coastal sites
and wet montane sites containing white pine, as mortality was greatest in these areas. In
closing, we note that the study sites generally represented dense, mixed-conifer stands in
northern California and that care should therefore be used if trying to extrapolate these
findings to other stand types.
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APPENDICES

Appendix A
Appendix A. Independent variables used in analyses.
Table A 1. Descriptions of each independent variable used in statistical modeling or graphical summaries
of mortality and regeneration trends in northern California.

Covariate
Competition
Canopy
Closure
(CanClos)

Description

Data Source

Percent of ground that is under at
least one layer of canopy.

Canopy cover was measured in
the 0.1 ha subplot using a
Densiometer at 5 locations:
plot center and 8.9 m in each
cardinal direction from plot
center. At each location, four
measurements were taken, one
in each cardinal direction, and
averaged.

Trees per
Hectare
(TPH)

Number of trees present within one
hectare.

Total number of live trees were
recorded in the 0.1 ha plot and
multiplied by ten to extrapolate
to 1 ha.

Quadratic
Mean
Diameter
(QMD)

Calculated from individual tree breast QMD was calculated based on
height diameter and the total number published equations (Curtis
of trees per ha.
and Marshall 2000).

Topography
Topographic
Position
Index (TPI)

A measure of elevation at a site
relative to surrounding average
elevations, with higher TPIs
associated with upper slope positions,
and negative values with valleys
(Weiss 2001).
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TPI was calculated for each
site using its central
coordinates and a 7-cell
neighborhood. TPI values were
obtained using the spatialEco
R package (Entekhabi et al.,
2022).

Covariate
Ground
Percent
Ground
Cover

Climate
Mean Annual
Climatic
Water Deficit
(CWD)

Description

Data Source

The proportion of ground that is
covered by at least one layer of
vegetative cover (herbaceous plants
and shrubs included).

Percent ground cover was
ocularly estimated in the 0.1 ha
subplot.

Measure of annual evaporative
demand that exceeds available water;
used for the superposed epoch
analysis.

Monthly values were sourced
from the TerraClimat database
(http://www.climatologylab.or
g/gridmet.html) and then
averaged for each year.

30-Year
Mean annual rainfall per location;
Mean Annual used to characterize long-term
Precipitation moisture availability at each site.
or Mean
Precipitation
(PPT30)

Monthly values were sourced
from the TerraClimat database
(http://www.climatologylab.or
g/gridmet.html) and then
averaged to obtain annual
values, and then averaged
across the 30-year time frame
1990-2020.

30-Year
Mean Annual
Maximum
Temperature
or Mean
Maximum
Temperature
(Tmax,30)
Tree
Diameter at
Breast
Height
(DBH)

Maximum annual temperature; used
to characterize sites.

Monthly values were sourced
from the TerraClimat database
(http://www.climatologylab.or
g/gridmet.html) and then
averaged to obtain annual
values, and then averaged
across the 30-year time frame
1990-2020.

Characterizes the size of a tree; used
to compare mortality patterns among
size classes.

DBH was measured in the field
using a Spencer’s tape at 1.37
m height.

Tree Species

The study included all tree species
within the northern California ranges
of Picea breweriana, Abies
magnifica var. shastensis, Pinus
monticola, Picea sitchensis, Pinus
lambertiana, Tsuga heterophylla.

Species present were recorded
for each 0.25 ha plot.
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Covariate

Description

Data Source

Shade
Tolerance

Regeneration quantities were
compared by three categories of
shade tolerance (shade-tolerant,
moderately shade-tolerant, and shadeintolerant), with hardwoods counted
in a separate category.

Species were identified in the
field and sorted based on
information in the USFS Fire
Effects Information System’s
(https://www.feis-crs.org/feis/)
species descriptions.
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Appendix B
Appendix B. Decay classes used for classifying dead trees.
Table B 1. Each dead tree within the 0.25 ha plot was categorized into one of the 1 to 5 decay classes.
Abbreviations: HW (heartwood) and SW (sapwood). Decay classes based on Fogel et al., 1973
and Harmon et al., 2011.

Decay Class
1

Criteria
All limbs and branches present; top present; all bark remains; SW
intact with minimal decay; HW sound and hard.

2

A few limbs but no fine branches; top may be broken; variable bark
remaining; SW sloughing with advanced decay; HW sound at base
but beginning to decay in outer upper bole.

3

Only limb stubs exist; top broken; variable remaining bark; SW
sloughing; HW has advanced decay in upper bole and beginning to
decay at bole base.
Few or no limb stubs remain; top broken; variable remaining bark;
SW sloughing; HW has advanced decay at bole base and sloughing
in upper bole.
No evidence of branches remains; top broken; < 20% of bark
remains; SW gone; HW sloughing throughout.

4

5
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Appendix C
Appendix C. Dead trees dated by decay class and environment (coastal and montane).

Figure C 1. A) Montane death years by decay class 1 (n = 82, median = 2016, mean = 2016), decay class 2
(n = 55, median = 2011, mean = 2010), and decay class 3 (n = 27, median = 2009, mean = 2008)
and B) Coastal death years by decay class 1 (n = 14, median = 2014, mean = 2013), decay class 2
(n = 22, median = 2008, mean = 2008), and decay class 3 (n = 17, median = 2008, mean = 2006).
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Appendix D
Appendix D. Difference in root-mean squared errors (RMSEs) distributions for mortality and regeneration
ridge regression models.

Figure D 1. Difference in root-mean squared errors (RMSEs) between the null and full models measuring rate of
coastal decay class 1 trees, coastal decay class 2-5 trees, montane decay class 1 trees, and montane
decay class 2-5 trees. Positive values indicate the full model’s RMSE was lower than that of the null
model’s; the difference can range between the response variable’s minimum and maximum values.
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Figure D 2. Difference in root-mean squared errors (RMSEs) between the null and full models for
measuring the quantities of coastal and montane regeneration. Positive values indicate the full
model’s RMSE was lower than that of the null model’s; the difference can range between the
response variable’s minimum and maximum values.
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Appendix E
Appendix E. Supplementary ridge regression results for the models predicting total mortality rates (all
decay classes) in montane and coastal environments.

Figure E 1. Covariate coefficient distributions from the bootstrap ridge estimation; intercept coefficient not
included due to scale limitation. A) All montane mortality rates; intercept median coefficient was 1.80 with 95% confidence interval ranging from -2.08 to -1.58. B) All coastal mortality rates;
intercept median coefficient was -1.70 with 95% confidence interval ranging from -1.85 to -1.56.
Abbreviations: CanClos (Canopy Closure), LogElev (log of elevation), PPT[30] (30-year mean
annual precipitation), QMD (quadratic mean diameter), TMax[30] (30-year mean annual
maximum temperature), and TPI (topographic position index). Parenthetical numbers indicate
median coefficient values. Note differing vertical axis scales between panels.
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Table E 1. Descriptive statistics for models predicting the rate of all dead trees in montane and coastal
environments. RMSE indicates root-mean squared error.

Model

R2

Response #

Montane

0.21

Coastal

0.72

17.5

Full Model
RMSE
17.1

RMSE Difference
(Null - Full)
4.2

11.5

6.3

3.6

Figure E 2. Difference in root-mean squared errors (RMSEs) between the null and the full models for
rate of total mortality in coastal and montane environments. Positive values indicate the full
model’s RMSE was lower than that of the null model’s; the difference can range between the
response variable’s minimum and maximum values.
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Appendix F
Appendix F. Outputs from the superposed epoch analysis (SEA) for montane mortality and regeneration models.
Table F 1. Output table from superposed epoch analysis (SEA) for montane mortality events. Abbreviations include: se (superposed epoch, i.e., the
scaled mean climatic water deficit [CWD] for the event years), se.unscaled (the unscaled superposed epoch, i.e., the mean CWD for the event
years), and ci (confidence interval).

lag
-4
-3
-2
-1
0
1
2
3
4

se
-0.522
-0.289
0.005
0.370
0.366
0.575
0.732
0.575
0.523

se.unscaled
335.185
348.908
366.314
387.858
387.651
399.989
409.259
399.985
396.924

p
0.464
0.629
0.048
0.046
0.033
0.025
0.042
0.131
0.451

ci.95.lower
-1.161
-1.088
-1.148
-1.088
-1.088
-0.972
-0.581
-0.239
-0.036
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ci.95.upper
0.250
0.300
0.085
0.473
0.415
0.563
0.806
0.812
0.995

ci.99.lower
-1.374
-1.320
-1.307
-1.319
-1.278
-1.169
-0.764
-0.347
-0.163

ci.99.upper
0.502
0.551
0.276
0.764
0.701
0.795
0.961
0.949
1.180

Table F 2. Output table from superposed epoch analysis (SEA) for montane regeneration events. Abbreviations include: se (superposed epoch, i.e., the
scaled mean climatic water deficit [CWD] for the event years), se.unscaled (the unscaled superposed epoch, i.e., the mean CWD for the event years),
and ci (confidence interval).

lag
-4
-3
-2
-1
0
1
2
3
4

se
-0.665
-0.419
-0.059
-0.746
0.221
0.125
-0.125
-0.419
0.301

se.unscaled
294.323
310.836
335.023
288.905
353.830
347.379
330.559
310.880
359.183

p
0.077
0.212
0.602
0.025
0.279
0.446
0.271
0.052
0.289

ci.95.lower
-0.851
-0.854
-0.768
-0.738
-0.619
-0.601
-0.545
-0.542
-0.557
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ci.95.upper
0.544
0.534
0.565
0.606
0.713
0.749
0.789
0.772
0.759

ci.99.lower
-1.085
1.048
-0.983
-0.899
-0.840
-0.770
-0.758
-0.692
-0.699

ci.99.upper
0.704
0.672
0.864
0.846
0.885
1.013
1.041
1.115
0.902

Appendix G
Appendix G. White pine (Pinus lambertiana and Pinus monticola) mortality rate by mean 30-year (19902020) precipitation (PPT30). A single predictor negative binomial mixed effect model with plot as a random
effect found a significant positive relationship between PPT30 and rate of white pine mortality (coefficient=
0.003, p = 0.001, t = 3.86, df = 25, R2 = 0.41). Rate of white pine mortality was calculated as the number of
dead trees per 0.25 ha plot divided by an offset (the number of live trees in the 0.10 ha plot plus the number
of dead white pines in the 0.25 ha plot).

Appendix G 1. Rate of dead white pines (Pinus lambertiana and Pinus monticola) per plot by 30-year
(1990-2020) mean annual precipitation, with blue trend line and shaded 95% confidence interval.
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